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DiI-labeled cranial neural crest cells were followed in whole embryo chick explant cultures using time-lapse confocal
microscopy. Neural crest cells emerged along the dorsal midline of all rhombomeres. There was a small amount of mixing
of neural crest cells between adjoining rhombomeres as cells emerged from the dorsal midline; this mixing persisted during
their migration out of the neural tube. Neural crest cell-free zones lateral to rhombomere 3 (r3) and r5 resulted from neural
crest cells migrating in either rostral or caudal directions to join other neural crest cells exiting adjacent to r2, r4, or r6.
Neural crest cells migrated in a wide variety of individual cell behaviors, ranging from rapid unidirectional motion to
stationary and even backward movement (toward the neural tube). Neural crest cells also migrated collectively, extending
filipodia to form chain-like cell arrangements. In the midbrain and r1 region, many chains stretched from the dorsal midline
to just beyond the lateral extent of the neural tube. In the r7 region, cells linked together and stretched laterally from the
neural tube to other neural crest cells migrating into the third branchial arch. The unpredictable cell trajectories, the mixing
of neural crest cells between adjoining rhombomeres, and the diversity in cell migration behavior within any particular
region imply that no single mechanism guides migration. The regional differences in cell migration characteristics suggests
that influential factors may vary spatially along the rostrocaudal axis in the head. © 1998 Academic Press
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INTRODUCTION
Neural crest cells are a migratory population that arises
from the ectoderm near the border between presumptive
epidermis and neural plate (reviewed in Selleck and
Bronner-Fraser, 1995). Because neural crest cells undergo
extensive migrations and give rise to many diverse de-
rivatives, they are an important model system for the
study of cell movements, cell proliferation and differen-
tiation. Shortly after the neural tube closes in the devel-
oping chick, cranial neural crest cells emerge from the
dorsal midline of the midbrain and then shortly afterward
from progressively more caudal regions in the hindbrain.
Their migration pathway, subjacent to the cranial ecto-
derm, carries them to the branchial arches where they
intermingle with mesodermal cells and form many of the
cartilaginous elements of the facial skeleton and various
cranial sensory ganglia (LeDouarin, 1982). In the hind-
brain region, the emigration of neural crest cells begins as
the neural tube becomes shaped into repeated segments,
called rhombomeres (Vaage, 1969). Because of this corre-
lation, the molecular events that define the rhom-
bomeres have been proposed to play major roles in
shaping neural crest cell migration; at the very least, the
morphology of the rhombomeres provides landmarks for
identifying neural crest cell migration into the branchial
arches.
The factors that guide the timing and pathways of
neural crest cell migration remain largely undetermined
(for a summary see Bronner-Fraser, 1993). Because some
Hox genes show patterned expression in rhombomeres,
they may provide an identity code for cells within the
rhombomere as well as the neural crest (Hunt et al., 1991;
reviewed in Lumsden and Krumlauf, 1996). Although it is
tempting to propose that the migration patterns of neural
crest cells are guided by the segmental ground plan of the
rhombomeres (see for example, Lumsden et al., 1991),
such proposals are hard to evaluate because many of theFor further information, see http://www.its.caltech.edu/;fraslab.
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basic facts of neural crest cell migration are not known.
Furthermore, there are conflicting data concerning the
relationship between the rhombomeres, the origin of
neural crest cells, and the branchial arches into which
they migrate. When neural crest cells which would
normally migrate into the first branchial arch are grafted
in place of neural crest which populate the second or
third branchial arch, a subpopulation of the transplanted
neural crest cells develops skeletal structures appropriate
for their original location, suggesting that neural crest
fate is determined by the axial level (rhombomere) from
which it originates (Noden, 1983). Whether specific
rhombomeres give rise to neural crest which populate
specific branchial arches has been investigated in chick
by fluorescently labeling premigratory neural crest cells
and noting into which branchial arch they migrate in
reincubated embryos. Some cell labeling results and
analyses of cell death suggest that rhombomere 3 (r3) and
r5 produce very little or no neural crest cells (Lumsden et
al., 1991; Graham et al., 1993; Kontges and Lumsden,
1996). In contrast, vital-dye labeling studies show that all
segments can give rise to neural crest cells. Focal labeling
of chick neural crest cells shows that at least some of the
cells from r3 and r5 deviate either rostral or caudal to
contribute to streams of neural crest cells migrating
adjacent to rhombomeres 2, 4, and 6 (Sechrist et al., 1993;
Birgbauer et al., 1995). These studies indicate that al-
though neural crest cells appear to be a uniform popula-
tion, clearly there is a great deal of heterogeneity within
the population and point to the importance of studying
the movements of individual neural crest cells in a living
embryo.
Here, we take advantage of the chick embryo to perform
direct observations of the migration characteristics of cra-
nial neural crest cells. The short time period over which
neural crest cells move into the branchial arches as well as
the relatively simple geometry of the embryo (growing in a
2-D horizontal plane) permitted us to develop a whole-
embryo explant culture method and perform high-
resolution confocal time-lapse imaging of neural crest cell
migration. After labeling cells with DiI, we track the
precise pathways of neural crest cells as they emerge from
the dorsal midline, orient themselves, and emigrate from
the neural tube. By following cell trajectories both visually
and with the assistance of an automated cell tracking
program, we outline a chronology of the events during
neural crest cell emigration into the branchial arches. We
show that all rhombomeres give rise to neural crest cells,
which emerge from the dorsal midline and mix between
adjacent rhombomeres. The time-lapse movies show a wide
variety of cell behaviors ranging from migration as indi-
viduals to more collective movements as collectives or
groups. Some of these behaviors demonstrate obvious op-
portunities for cell–cell communication during migration.
The wide variety of behaviors and the significant intermix-
ing of cells argues against any single mechanism controlling
cell migration or cell fate.
METHODS AND MATERIALS
Embryos
Fertile White Leghorn chick eggs were acquired from a local
supplier (Lakeview Farms) and incubated at 38°C until approxi-
mately the 6- to 9-somite stage (ss) of development. Eggs were
rinsed with 70% alcohol and 3 mL of albumin was removed prior to
cutting a window through the shell. A solution of 10% India ink
(Pelikan Fount; PLK 51822A143) in Howard Ringer’s solution was
injected below the blastodisc to visualize the embryos. Embryos
were staged according to the criteria of Hamburger and Hamilton
(1951), denoted as stage 10, for example; in other cases, the embryos
were staged by their number of somites, denoted as 10 ss, for
example.
Culture Preparation
Embryos at 6–9 ss were injected with an isotonic sucrose
solution of DiI (5 mg/mL of DiI (Molecular Probes D-282) in 100%
Ethanol diluted 1:10 in 0.3 M sucrose at 38°C). After windowing
the egg shell, a hole was cut in the vitelline membrane, using a fine
tungsten needle, near the cranial region of the embryo. In embryos
labeled for fluorescence imaging, dye solution was injected into the
lumen of the neural tube, filling the hindbrain region, using a
quartz micropipet (Sutter Instrument Co.) positioned just rostral to
the first somite pair. A very small amount (10 mg/mL) of Fast
Green FCF (Fisher 42053) was added to the dye solution to make it
easier to visualize during injection. Injected eggs were resealed
with adhesive tape and incubated at 38°C for 2 h. After this
incubation period, we evaluated each embryo in terms of the
brightness and uniformity of DiI labeling using a 103 Nikon M
Plan (NA 5 0.21) super long working distance (slwd) objective on
an upright epifluorescence microscope (Zeiss) and selected those
embryos that were well-labeled but showed no signs of necrosis.
Whole embryo explant cultures were prepared according to the
method described in Krull and Kulesa (1998). Embryos were re-
moved from the egg for explant culture by placing an oval ring of
filter paper around the circumference of the embryo, cutting
around the ring and then removing the ring with the embryo
attached into Ringer’s solution. The paper ring was approximately
1.5 cm along the major axis with a hole wide enough to provide
ample space between the inner side of the ring and the embryo.
This leaves the whole embryo intact and includes a portion of the
surrounding blastoderm to a diameter equal to the outside diameter
of the paper ring. The excised embryo was cleansed of yolk platelets
and india ink by gently blowing Ringer’s solution across it with a
P-200 pipetman. Explant cultures were created using Millicell
culture inserts (Millipore PICM 030-50) and six-well culture plates
(Falcon 3046), similar to the protocol developed in Krull et al.
(1995). The culture insert membrane was precoated with 200 mL of
a fibronectin solution (Sigma F-2006, diluted 1:50 in phosphate
buffer), and the excess pipetted away. The dorsal surface of the
embryo was placed on the coated culture insert membrane, leaving
the ventral surface exposed to the atmosphere. Excess Ringer’s
solution was pipetted off the membrane surface at the rostral and
caudal ends of the explant so that the flow of the draining solution
straightened the embryo’s rostrocaudal axis. This naturally spread
the explant without flattening the embryo and mimicked the
tension of the blastoderm normally created by the stretching of the
yolk sac. Each explant covered approximately two-thirds (;2.8
cm2) of the membrane area of the culture insert. The culture insert
was then placed in one well of the six-well plate. The culture insert
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membrane was underlain with a defined culture medium com-
posed of Neurobasal medium (Gibco 21103-031), supplemented
with B27 (Gibco 17504-036) and 0.5 mM L-glutamine (Sigma
G-3126). Sterile water was added to the unfilled wells of the culture
plate to minimize dehydration during the time-lapse sequences.
The entire six well plate was then sealed along its sides with
parafilm.
Time-Lapse Video Microscopy
DiI-labeled explants were visualized using an inverted confocal
microscope (Zeiss Axiovert; Bio-Rad MRC-600). We set the aper-
ture to be fully open; although this translated into less confocal
effect, it increased the sensitivity of the microscope and allowed for
a maximum optical section thickness (about 30–40 mm in z-height
with a 103 Neofluar (NA 5 0.30) lens). This let us observe more
complete cell trajectories for longer periods of time because the
cells did not move out of the optical section during the early events
of neural crest cell migration as cells emerged at the dorsal midline
and moved into the mesoderm subjacent to the ectoderm. For
better image resolution, we modified the six-well culture plate by
making a hole in the bottom of one of the wells into which a round
25-mm glass coverslip (Fisher 48380-080) was sealed using silicone
grease (Dow Corning 79810-99). The membrane of the Millipore
culture insert is approximately 200 mm thick and becomes trans-
parent when moist.
The microscope (Zeiss Axiovert) was surrounded by a box
fashioned from cardboard (4 mm thick) and covered with thermal
insulation (Reflectix Co.; 5/16 inch thick) which enclosed a warm-
ing heater (Lyon Electric Co. 115-20) that maintained the cultures
at 38°C for the duration of time-lapse filming, with only mild
temperature fluctuations. The fluorescent dye, DiI, was excited
with the 568-nm laser line using the YHS filter set intended for
rhodamine. Images were recorded every 2 min onto either a video
optical memory disk recorder (OMDR; Panasonic TQ3038F) or
digitally to a magneto-optical disk (3M 15175; 590 MB) using the
COMOS software package. Images were analyzed and played back
in movie form after conversion (via macros from H. Karten) using
the image processing and analysis program, NIH Image 1.60 (Ras-
band and Bright, 1995).
Time-Lapse Data Analysis
Neural crest cell migration activities were followed in confocal
microscopy. The fluorescent dye, DiI, marked a large number of
neural crest cells (several hundreds) and cells in the neural tube.
Time-lapse data were analyzed visually and with an automated 2-D
cell tracking computer program (XVTRACK; J. Solomon and S.
Speicher, Computational Biology Center, Beckman Institute, Cali-
fornia Institute of Technology; unpublished), which could identify
and follow cells less visually distinct than convenient to analyze by
hand. The program acquired cell targets from an initial image of the
time series and used several criteria, including cell shape and
brightness, to track cells throughout the time-lapse sequence. A
majority of individual cells were tracked throughout the entire
time-lapse sequence, with the program continuously calculating
cell position and velocity. Any targets which were lost or suddenly
appeared along the way were indexed by the program; many of
these may have resulted from cells moving into or out of the focal
plane. Individual cells which were tracked for more than 90% of an
entire time-lapse session were used to calculate cell migration rates
and directionality. Directionality for a cell was calculated as the
net distance (defined as the distance between the start position at
t 5 0 and finish position of the cell at the end of the time-lapse or
where it was last tracked) divided by the total distance of migra-
tion. Directionality values range from 0 to 1; a cell with direction-
ality 5 1 migrated in a straight-line path. The standard deviation
was calculated for all sets of average speeds and directionalities.
FIG. 1. Selected images from a time-lapse sequence showing the progression of cranial neural crest cell migration from the dorsal neural
tube into the surrounding unlabeled tissue and toward the branchial arches (BA). [A] Cranial neural crest cell migration begins from the
axial level near rhombomere 1 (r1), with the first cells becoming visually distinct as they migrate into the surrounding unlabeled tissue (an
arrow points to an individual neural crest cell), and proceeds in a caudal manner. Six of the rhombomeres are in the field of view and are
marked. [B] Neural crest cells begin to become visible adjacent to r4 (the asterisks mark the front of the exiting streams). [C] Emigrating
cells from r5 and r6 then appear adjacent to both sides of r6 (the arrowheads mark the rostral portion of the exiting streams). [D] The growing
embryo, which has started to rotate around its longitudinal axis, naturally exposes the streams of neural crest cells moving toward branchial
arches 1, 2, and 3 (marked with BA1, BA2, and BA3, respectively). Time is in hours (h) and minutes (m). The scale bar is 100 mm.
329Neural Crest Cell Dynamics
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
330
FIG. 6. Selected frames from a confocal time-lapse imaging session showing DiI-labeled neural crest cells leaving the midline of the neural
tube and migrating into the periphery from the axial level of rhombomere 3 (r3) to rhombomere 5 (r5) in a typical whole embryo explant.
Individual neural crest cells are circled and numbered so the trajectories can be easily followed. [A–D] [A] The cell circled and marked by
1 (cell 1) is at the lateral edge of the neural tube near the boundary between rhombomeres 3 and 4, b3/4. [B–D] Cell 1 then migrates into
the population of other neural crest exiting adjacent to r4. [A] Cells 2 and 3 are near the dorsal midline at b3/4, [B and C] then migrate to
opposite sides of the neural tube, and [D] mix with the population of neural crest cells exiting adjacent to r4. [A] Cells 4 and 5 in r5 are near
b4/5 and [B–D] migrate away from the neural tube in opposite directions, adjacent to r4. [A] Cell 6 is in mid-r4 near the lateral edge of the
neural tube [B–D] and then migrates in a lateral direction adjacent to r4. Time is in hours (h). The scale bar is 100 mm.
FIG. 2. This image of a whole embryo explant was selected from a time-lapse sequence at a time point a few hours after the neural tube
of a 6-somite-stage embryo was injected with DiI to fluorescently label premigratory neural crest cells. The field of view is the dorsal side
of the neural tube and includes the midbrain (m), midbrain/hindbrain boundary (m/h), and rhombomere 1 (r1). [A] DiI-labeled neural crest
cells are in the process of migrating from the midline of the neural tube into the periphery and the most visually distinct cells have migrated
into the surrounding unlabeled tissue (an arrowhead marks an individual cell). Interesting cell migration features of later emerging neural
crest cells are the chain-like structures which form from near the dorsal midline and extend to just beyond the lateral edge of the neural
tube. [B] The same image as in A, showing the left-hand side of the neural tube, which has been filtered with the “emboss” tool (Adobe
Photoshop) to make it easier to visually distinguish individual cell outlines. The chain structures are colored in magenta and the arrowhead
marks the same individual cell as in A. The scale bar is 100 mm.
FIG. 3. Selected frames from a confocal time-lapse imaging session showing a close-up of DiI-labeled neural crest cells leaving the dorsal
midline of the neural tube and migrating into the periphery from the axial level of the midbrain (m) to the rostral portion of rhombomere 1 (r1)
in a typical whole embryo explant. Three different characteristics of neural crest cell behaviors are identified and corresponding cells are colored
and marked by a number. [A] (1, green) Cells are lined up in a chain-like structure which extends laterally from the midline of the neural tube
of rostral r1 and contains at least 12 individual cells. [B] A cell (arrow) near the midline and adjacent to two large cells within the chain, moves
away from the midline and [C] joins the chain (arrow). [D] The lateral end of the chain continues to extend farther out into the periphery. Two
cells [E and F; arrowheads] at the lateral edge of the chain break free and begin to migrate as individuals. The two cells which started at the medial
side of the chain in A have moved laterally and [F] reached just beyond the lateral edge of the neural tube. [A] (2, blue) A chain-like structure of
cells extends laterally from near the midline of the midbrain. [B] The chain appears separated into two distinct clumps of cells after the
connections in the chain have broken. [C–F] The lateral clump of cells continues to migrate as a group beyond the lateral edge of the neural tube
and on the medial side, the cells re-form into a linear array. [A] (3, magenta) An individual cell is marked just rostral to a chain of cells. [B] The
cell then moves in a rostral direction and [C] reaches a different chain of cells, then [D–F] changes direction and moves caudolaterally back toward
the original chain. Time is in minutes (m). The scale bar is 50 mm.
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RESULTS
To characterize the movements of neural crest cells
migrating from the hindbrain to the periphery, we labeled
potential neural crest cells with DiI and followed their
trajectories in whole embryo chick explant cultures using
time-lapse confocal microscopy. Cranial neural crest cells
migrate away from the neural tube and towards the
branchial arches in such a way as to leave neural-crest-free
zones laterally adjacent to rhombomere 3 and rhombomere
5 (Fig. 1). Below, we describe the trajectories of individual
neural crest cells during their migration into the branchial
arches. We outline the chronology of the patterning of each
branchial arch on the cellular level using individual frames
of the time-lapse movies. The cellular events are much
more easily discerned in the time-lapse movies of neural
crest cell migration; these are available at the website:
http://www.its.caltech.edu/;fraslab.
First Branchial Arch
Neural crest cells migrating into the first branchial arch
(BA1) demonstrate several different behaviors. Initial
groups of neural crest cells emerge along the dorsal midline
from the axial level of the midbrain to r1. These cells leave
the dorsal midline in a rostral-to-caudal sequence and move
laterally into the surrounding unlabeled tissue (Fig. 2A).
The first emigrating cells actively extend filipodia as they
migrate in a lateral or rostrolateral direction away from the
neural tube. Later emerging neural crest cells exit from the
dorsal midline and show different morphologies and mo-
tions; they form, and migrate in, chain-like assemblages
(the chain-like structures are visible in the fluorescence
image, Fig. 2A, and are highlighted in magenta in Fig. 2B; to
observe the dynamics of the chains, see the time-lapse
movie [movie BA1]). The chains are about one cell wide and
range from just a few cells (;50 mm) up to 150 mm in length.
FIG. 4. Selected frames from a confocal time-lapse imaging session showing the progression of DiI-labeled neural crest cells migrating
from the dorsal midline of the neural tube into the peripheral tissue toward the second branchial arch (BA2) in a typical embryo explant.
The axial levels pictured are from mid-rhombomere 3 (r3) to mid-rhombomere 5 (r5). [A] Neural crest cells first begin to become more
visually distinct as they move away from the neural tube and into the surrounding unlabeled tissue adjacent to and along the rostrocaudal
length of r4 (the front of the exiting streams is marked by the arrowheads). [B] Neural crest cells in the front of the exiting stream extend
filipodia in many directions giving the front a wider, fan-shaped appearance (arrowheads). Neural crest cells from r3 and r5 move along
diagonal trajectories from the midline (the direction is marked by the dark arrows) and join with r4 neural crest cells migrating laterally
adjacent to r4. [C] Neural crest cells at the front of the exiting stream continue to fan out laterally, while midway back toward the neural
tube the stream tapers (arrows). Neural crest cells from r3 to r5 continue to emerge from the dorsal midline, but then [D] appear less dense
in number from the midline and lateral to the edge of the neural tube. The exiting stream of neural crest cells continues to taper in the
middle back toward the neural tube (arrowheads). Time is denoted in hours (h). The scale bar is 100 mm.
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Chains extend laterally and slightly rostrolaterally from
near the dorsal midline to beyond the lateral extent of the
neural tube (Fig. 2). In Fig. 3, we present selected frames
from a time-lapse session to more closely show the chain-
like structures. A chain becomes noticeable when cells near
the dorsal midline form a linear array (Fig. 3A; cells within
one chain are colored in green and identified by the 1 and
cells within a second chain are colored in blue and identi-
fied by the 2). Cells within each chain are dynamic, moving
outward in a coordinated fashion (Figs. 3A–3D; 1, green)
while additional cells join the chain from behind (Figs. 3B
and 3C (1, green), arrow). A chain partially disassembles
when neural crest cells break away and migrate as individu-
als at the periphery of the chain (Figs. 3E and 3F; (1, green),
arrowheads) or the chain breaks at a point toward the neural
tube midline and the remaining cells in the chain retract in
the direction of migration (Fig. 3B (2, blue)). The cells in
each do not appear to be restricted to a particular chain as
some neural crest cells move from one chain to another. In
Fig. 3A, we mark an individual neural crest cell (3, magenta)
which is located adjacent to the neural tube, near a chain of
cells. The magenta-colored cell migrates rostrally toward a
different chain (Figs. 3B and 3C) and then reverses direction
and moves back toward the original chain (Figs. 3D–3F).
Second Branchial Arch
Neural crest cells from the axial level of r3 to r5 begin to
migrate from the dorsal midline approximately 60–90 min
after those emerging from the midbrain to r2 (see the
time-lapse movie [movie BA2]). In Fig. 4, we present se-
lected frames from a time-lapse session showing the pro-
gression of neural crest cells migrating away from the
neural tube. Neural crest cells from r3 to r5 become more
visually distinct when they begin to migrate into the
surrounding unlabeled tissue, adjacent to both sides of r4
(Fig. 4A, the arrowheads point to the front of the exiting
streams). Cells at this front actively extend filipodia in all
directions giving the exiting stream the appearance of a fan
shape (Fig. 4B, arrowheads). Neural crest cells that contrib-
ute to BA2 from r3 and r5 move from the neural tube
midline along caudolateral and rostrolateral diagonals, re-
spectively (Fig. 4B, dark arrows), and join the streams
exiting adjacent to r4. As the initial cells move further
laterally, neural crest from r3, r4, and r5 continue to emerge
along the dorsal midline. These later emerging neural crest
cells extend filipodia and migrate as individuals, unlike the
later emerging neural crest cells migrating into BA1 which
form chain-like cell arrangements. The shape of the exiting
FIG. 5. A close-up of Fig. 4B. The pathway of emigrating r3 neural crest is along a caudolateral diagonal (arrows point in the direction of
cell movement) from the dorsal midline of r3 and crosses the lateral edge of the neural tube near the boundary between r3 and r4, b3/4.
Neural crest cells emigrating from r5 move along a rostrolateral diagonal (arrowheads point in the direction of cell movement) from the
dorsal midline of r5 and exit the neural tube near b4/5. The scale bar is 50 mm.
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FIG. 7. Selected frames from a confocal time-lapse imaging session showing DiI-labeled neural crest cells leaving from rhombomere 6 (r6)
and rhombomere 7 (r7) and moving toward the third branchial arch (BA3) in a typical whole embryo explant. Each fluorescence image has
been filtered with the “emboss” tool (Adobe Photoshop) to make it easier to visually distinguish individual cell outlines. Each cell or small
group of cells of interest has been colored and marked with a number. [A] (1, magenta) This cell has emigrated from r6 in a caudolateral
direction and to just beyond the lateral edge of the neural tube and continues to migrate [B–D] in a caudolateral direction away from the
neural tube. [A] (2, green) This cell, which has just migrated away from the neural tube, [B] crosses the width of the exiting stream, and then
[C] divides and [D] the daughter cell moves in the caudolateral direction. [A] (3, blue) This cluster of cells remains in the rostral portion of
the exiting stream during the entire time-lapse sequence [A–D]. Time is in hours (h) and minutes (m). The scale bar is 50 mm.
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stream continues to fan out at the front, but is narrow
nearer to the neural tube (Figs. 4C and 4D, arrows). Looking
closer at neural crest cells from r3 and r5, these cells
emigrate on diagonal trajectories to join cells moving later-
ally from r4, rather than crossing directly into r4 and
moving laterally away from the neural tube (Fig. 5, arrow-
heads point in the direction of cell movement).
As neural crest cells emerge from the dorsal midline of
r3–r5, there is considerable local mixing of cells between
adjoining rhombomeres, but not a wholesale rearrange-
ment. In Fig. 6, we show a time series of still images and
follow a few individual cells away from the neural tube (a
circle and number identifies cells to aid in following typical
cell trajectories in Fig. 6; also see the time-lapse movie
[movie BA2-2]). Cells move from the dorsal midline of r3
along a caudolateral diagonal toward the lateral edge of r3,
near b3/4 (boundary between r3 and r4), and join other
neural crest cells migrating laterally from r4 (cells 1 and 3 in
Fig. 6). Most neural crest cells in r4 emerge from the dorsal
midline and exit the neural tube laterally adjacent to r4.
Cells emerging at the dorsal midline of r5 migrate on a
rostrolateral diagonal toward b4/5 and join cells from r3 and
r4 and then exit the neural tube near b4/5 into BA2 (cells 4
and 5 in Fig. 6). Thus, many cells from r3 and r5 which
contribute to BA2 migrate directly from their rhombomere
of origin into BA2 without crossing b3/4 or b4/5, respec-
tively.
Third Branchial Arch
Neural crest cells emerging from r5, r6, and r7 migrate
into the third branchial arch (BA3) by a combination of
individual and collective cell movements (see the time-
lapse movie [movie BA3]). The first signs of neural crest cell
migration toward BA3 are cells exiting from both sides of
the neural tube adjacent to r6. These cells migrate on a
caudolateral diagonal from the neural tube midline. In Fig.
7, we show selected frames from a confocal time-lapse
imaging session of fluorescently labeled neural crest cells
migrating toward BA3 in a typical whole-embryo explant.
Once away from the dorsal midline of the neural tube,
neural crest cells move into BA3 with at least three differ-
ent cell migration characteristics. Some neural crest cells
exit r6 and move rapidly and in a caudolateral direction
away from the neural tube (Fig. 7A; an individual neural
crest cell is colored in magenta and identified by the 1).
Other neural crest cells do not take a direct route toward
BA3. For example, some cells move across the width of the
exiting stream (Figs. 7A and 7B; the cell colored in green and
identified by the 2) and slow down to divide (Figs. 7C and
7D; the daughter cell is colored in yellow). A few neural
crest cells stay in a particular location near the edge of the
stream, keeping a cell process attached to the stream while
extending processes into the surrounding environment
(Figs. 7A–7D; cells are colored in blue and identified by the
3). This is especially true of cells at the rostral margin of the
stream, the area closest to the neighboring BA2 population.
Neural crest cells from r7 migrate mainly in small
groups, moving laterally out from both sides of r7 (see the
time-lapse movie [movie BA3-2]). These cells join the BA3
population by forming mediolateral chain-like arrange-
ments stretching from r7 out to BA3. The chain-like struc-
tures extend laterally up to 150 mm from the neural tube.
Unlike the chains in BA1, which stretch laterally from the
dorsal midline to just beyond the lateral extent of the neural
tube, the chains from r7 extend away from the neural tube
to the stream of neural crest cells moving from r5 and r6
toward BA3. In Fig. 8, we present selected frames from a
FIG. 8. Selected frames from a confocal time-lapse imaging session showing DiI-labeled neural crest cells leaving from rhombomere 7
(r7-right-hand side of the frames) and moving laterally to join other neural crest moving caudolaterally toward the third branchial arch (BA3,
left-hand side of the frames) in a typical whole embryo explant. Each fluorescence image has been filtered with the “emboss” tool (Adobe
Photoshop) to make it easier to visually distinguish individual cell outlines. Each cell or small group of cells of interest has been colored
and marked with a number. [A] Neural crest cells from r7 (colored in magenta) are congregating just beyond the lateral edge of the neural
tube. A reference point within this group of cells is marked (dark arrowhead). Lateral to the cluster of cells, an individual cell (colored in
blue) is within the population of neural crest which have emigrated from r5 and r6 and are moving caudolaterally toward BA3. [B–D] The
cluster of cells (magenta) organizes into a linear array which extends laterally and contacts the individual cell (blue). [D] As the chain
structure extends laterally, a break in the chain occurs (white arrowhead). [E] The chain structure lateral to the break retracts toward the
lateral direction. The blue-colored cell moves rostrally (in the opposite direction of BA3). Time is in minutes (m). The scale bar is 50 mm.
FIG. 9. Cell tracks are shown of individual neural crest cells migrating into the branchial arches (a different data set is presented for each
brachial arch (BA); BA1, BA2, and BA3) with the outline of the neural tube in the background. The cell tracks trace the position of individual
cells throughout time-lapse sessions in typical whole embryo explants. For clarity, a representative set of cell tracks were chosen from all
the cells followed to display a majority of the cell migration characteristics. The scale bar is 100 mm. [Top] Cell tracks are shown of
individual cells migrating into BA1 throughout 6 h of time-lapse imaging with the outline of the neural tube in the background. The
midbrain (m), midbrain/hindbrain boundary (m/h), and rhombomere 1 (r1) are marked. [Middle] Cell tracks are shown of individual cells
migrating into BA2 throughout 6 h of time-lapse imaging with the outline of the neural tube in the background. Rhombomere 3 (r3) through
rhombomere 5 (r5) are marked. The fronts of the exiting streams adjacent to r4 are marked (asterisks) as well as individual cell tracks
showing cells in rostral r5 moving in the rostrolateral direction away from the neural tube midline (arrowheads). [Bottom] Cell tracks are
shown of individual cells migrating into BA3 throughout 6 h of time-lapse imaging with the outline of the neural tube in the background.
Rhombomere 6 (r6) and rhombomere 7 (r7) are marked.
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time-lapse session showing a typical chain structure of
neural crest cells forming in whole embryo explant culture
(Fig. 8A; cells which form the chain are colored in magenta
and an individual cell within the population of neural crest
migrating toward BA3 (left-hand sides of frames) is colored
in blue). The dark arrowhead in Fig. 8A marks a reference
point in the chain of cells. The chain of cells organizes into
a linear array and extends laterally (Figs. 8A–8C). The
chains persist until a cell or cells at the neural tube side
releases its filipodial attachments (Fig. 8D, arrowhead; also
notice that the chain meets with the blue-colored cell,
which is within the population of cells migrating toward
BA3). The remaining part of the chain structure then
springs outward into the BA3 population (Figs. 8E and 8F).
There are some cells which migrate away from the neural
tube as individuals. These and other cells may cross be-
tween neighboring chains; their migration pathways are not
restricted to a particular chain.
Tracking of Cell Movements, Cell Speeds, and
Directionality
Measurements of the individual neural crest cell move-
ments by the cell tracking program show that there are
differences in average cell speed and directionality depend-
ing on whether neural crest are migrating as individuals or
within chains and whether they are near the front of exiting
streams or emerging later. Cell trajectories generated by the
cell tracking program confirm the pathways of emigrating
neural crest cells described above. Below, we describe the
measurements of individual neural crest cell movements
which provide a means of comparing cell movements into
the three branchial arches.
Tracking of individual cell trajectories highlights the
rostrolateral movement of neural crest cells populating BA1
in a typical explant (Fig. 9, top). Only a small number of
cells move caudally from their axial level of origin, and in
those cases, the cells migrate only slightly caudally
(;20–30 mm) before turning more rostrally. Neural crest
cells migrating into BA1 move at an average speed of 37 6
10 mm/h (n 5 136) and average directionality (directional-
ity 5 net distance divided by total distance traveled) of
0.24 6 0.2 (n 5 136) (Table 1). Of these, cells within chains
migrate at an average speed of 43 6 9 mm/h (n 5 40) and
average directionality of 0.24 6 0.1 (n 5 40). Neural crest
cell speeds for cells near the front of the exiting streams
migrating towards BA1 are listed in Table 1.
Neural crest cells moving into BA2 migrate with indi-
vidual rather than collective migration characteristics at an
average speed of 49 6 9 mm/h (n 5 48) and average
directionality of 0.21 6 0.1 (n 5 48). Of these, individual
cells near the front of the exiting streams migrate with an
average speed of 47 6 9 mm/h (n 5 17) and average
directionality of 0.29 6 0.1 (n 5 17) (Table 1). Most
trajectories of neural crest cells from r3 and r5 follow
directly into the population adjacent to r4 (Fig. 9, middle,
arrowheads) without crossing into r4 before moving in the
lateral direction toward BA2. The cells at the front appear
more directed (Fig. 9, middle, asterisks) than cells near the
neural tube. Near the neural tube, cells stay in a local area
or move backward: this was not seen in neural crest cells
migrating into BA1.
Cell tracks show the caudolateral movement of r6 cells
and lateral migration of r7 cells moving toward BA3 (Fig. 9,
bottom). Cells migrate into BA3 with an average speed of
43 6 10 mm/h (n 5 31) and average directionality of 0.19 6
0.1 (n 5 31). Cells within the chain-like structures extend-
ing laterally from r7 migrate at nearly the same average
speed, 46 6 13 mm/h (n 5 24), but with a much higher
average directionality, 0.34 6 0.1 (n 5 24) (Table 1). These
differences in neural crest cell speeds and directionalities
both between regions and among cells migrating into the
same branchial arch suggest a heterogeneity of guidance
cues along the rostrocaudal axis.
Focal Labeling of Neural Crest Cells in r3 and r5
To better visualize individual cells, we next performed
focal DiI-labeling experiments. Focal labeling of r3 and r5
neural crest cells clearly showed these cells migrate toward
the branchial arches. Cell pathways, which were easier to
visualize and track due to the smaller number of labeled
cells (usually less than 100 cells) and less background
intensity from DiI labeling of the entire neural tube, were
followed during time-lapse sessions (n 5 10) lasting at least
6 h. Neural crest cells tracked from r3 (n 5 174) move on a
caudolateral diagonal away from the neural tube midline
and cross the lateral edge of the neural tube just rostral to
the boundary between r3 and r4, b3/4. These cells then turn
and migrate in the lateral direction toward BA2 (n 5 63;
36.2% of the focally labeled r3 neural crest cells). Some
neural crest from r3 move rostral and cross the boundary
between r2 and r3, b2/3, toward BA1 (n 5 9; 5.2%). Other
neural crest cells move within the area of the r3 and do not
migrate farther than the lateral extent of the neural tube
(n 5 99; 56.9%). A very small number of focally labeled
cells in r3 (n 5 3; 1.7%) migrate lateral to r3 where they
either retract filipodia and stop (Fig. 10) or change direction
and move caudally toward the stream of other r3-labeled
neural crest cells moving toward BA2 (Fig. 11). Neural crest
cells tracked from r5 (n 5 123) move rostrolaterally from
the midline of the neural tube and cross the lateral edge of
the neural tube just caudal to b4/5. These cells then turn in
the lateral direction and migrate toward BA2 (n 5 45;
36.6%). Some neural crest cells migrate within the rhom-
bomere area (n 5 78; 63.4%). The absence of trajectories of
r5 neural crest cells moving toward BA3 within the 6-h
time-lapse sessions may have been due to cells not starting
to migrate caudally from this axial level by the time the
imaging was stopped.
Visual tracking of individual focally DiI-labeled neural
crest cells revealed that cells follow in the direction of other
cells. As neural crest cells emerge from the dorsal midline,
they actively extend and retract cellular processes. In Fig.
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12, selected frames from a time-lapse series present an
individual neural crest cell (colored in magenta) adjacent to
r5 with its filipodia extended (Fig. 12A) . The magenta-
colored cell then extends a filipod caudally and contacts
another cell, which is together with a group (colored in
blue) migrating caudally toward BA3 (Fig. 12B). The
magenta-colored cell retracts its filipodial contact (Fig. 12C)
and moves to follow in the direction of the blue-colored
group of cells (Fig. 12D). In Fig. 13, a selection of frames
from a different time-lapse series show an individual neural
crest cell (colored in magenta) near r6 with its filipodia
extended (Fig. 13A). The magenta-colored cell then divides
(Fig. 13B), giving rise to a daughter cell (colored in blue). The
daughter cell then migrates quickly away in the caudal
FIG. 10. Selected frames from a confocal time-lapse imaging session showing focally DiI-labeled neural crest cells leaving from the dorsal
midline of rhombomere 3 (r3) and moving toward the third branchial arch in a typical whole embryo explant. Adjacent rhombomere 2 (r2)
and rhombomere 4 (r4) are marked. In A–D, the fluorescence data have been laid over the background image of the neural tube. DiI-labeled
neural crest cells have been colored in green. In E–H, the fluorescence data from frames [A–D] have been filtered with the “emboss” tool
(Adobe Photoshop) to make it easier to visually distinguish individual cell outlines. [A, E] An individual neural crest cell (arrowhead) is
shown near the lateral edge of mid-r3. This cell has an elongated cell shape. [B, F] As it crosses the lateral edge of r3, the cell rounds up [C,
G] (its filipodia retract) and [D, H] remains adjacent to r3. [B and C, F and G] A significant number of other fluorescently labeled r3 neural
crest cells migrate from the injection site on caudolateral diagonals away from both sides of the neural tube. [D, H] Once these cells cross
the lateral edge of the neural tube, they turn and move on a more lateral trajectory adjacent to both sides of r4. Some r3 neural crest cells
also migrate rostrally toward r2 (dark arrowhead). Time is in hours (h). The scale bar is 50 mm.
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direction toward BA3, while the magenta-colored cell re-
mains stationary (Fig. 13C). After a couple of hours, al-
though the blue-colored cell has migrated over 100 mm
away, the magenta-colored cell moves in the same direction
and catches up to the blue-colored cell (Fig. 13D).
Measurements of the individual cell trajectories of focally
labeled neural crest cells show that the average cell speed is
57 6 17 mm/h (n 5 297) and the directionality is 0.19 6 0.1
(n 5 297) (Table 1). Cells which migrate furthest from the
neural tube toward a branchial arch have trajectories with
higher than average directionality (n 5 110; 37%). Of these
cells, the individuals with a higher than average speed have
trajectories with many small changes of direction. Cells
with a lower than average directionality (n 5 187; 63%) still
migrate toward a branchial arch, but do not move as far
from the neural tube as the cells with higher directionality.
A subset of these cells has a higher than average velocity
and remains within r3 or r5 for the duration of the 6-h
time-lapse session.
DISCUSSION
The past decade of research into the cranial neural crest
cell migration has focused on identifying the molecular
network underlying the segmentation of the hindbrain and
on the potential role of this segmental structure in guiding
the migration of the neural crest. The identification of
certain influencing factors has allowed perturbation experi-
ments of neural crest cell migration pathways; however, the
lack of a culture system to observe individual cell trajecto-
ries in a living embryo has limited the ability to test the
relative roles of potential guidance cues. Our approach has
allowed us to follow many cell trajectories in live embryos
by labeling large numbers of neural crest cells and then
recording individual cell behaviors using time-lapse confo-
cal microscopy. From these cell trajectories we found that
neural crest cells emerge from all rhombomeres; some cells
mix between adjoining rhombomeres and migrate as indi-
viduals and in chain-like cell arrangements into the
branchial arches. In addition, average cell migration speeds
and directionalities vary between cell populations (from
one branchial arch to another) and between cells migrating
at the front of exiting streams and those following later in
time migrating into the same branchial arch. The precise
cell trajectories and cell associations reveal the action of
several different mechanisms in the patterning of the neural
crest; the relative importance of these mechanisms appears
to vary from rhombomere to rhombomere.
The observations of neural crest cell mixing between
TABLE 1
Average Speed, S, and Average Directionality, D, of Cranial Neural Crest Cells Tracked with the XVTRACK Computer Program during
Migration from the Neural Tube into the Branchial Arches
Brachial arch (BA) into which
neural crest cells migrate
Average Speed,
S 6 SD (n cells)
(in mm/hr)
Average directionality,
D 6 SD (n cells) Comparisons
BA1: cells in chains 43 6 9 (n540) 0.24 6 0.1 (n540) Chains: higher S (114%)
BA1: individuals 37 6 10 (n5136) 0.24 6 0.2 (n5136)
BA1: cells at front 39 6 12 (n524) 0.29 6 0.2 (n524) Front: higher D (117%)
BA2: individuals 49 6 9 (n548) 0.21 6 0.1 (n548)
BA2: cells at front 47 6 9 (n517) 0.29 6 0.1 (n517) Front: higher D (128%)
BA2: focally labeled cells
from r3 and r5
57 6 17 (n5297) 0.19 6 0.1 (n5297) Focally labeled: higher S (114%)
BA3: individuals 43 6 10 (n531) 0.19 6 0.1 (n531)
BA3: cells in chains 46 6 13 (n524) 0.34 6 0.1 (n524) Chains: higher D (144%)
Note. The average directionality, D, is calculated by finding the net distance traveled divided by the total distance traveled for each
tracked cell and then taking the average over the number of cells, n, in each group. The data are taken from a total of n 5 34 time-lapse
sessions (n 5 8 for each branchial arch level (total 24) and n 5 10 for focal labeling experiments) each lasting at least 6 h per imaging session.
The standard deviation (SD) is reported with the number of cells, n, in parentheses following, on which the calculation is based.
FIG. 11. Selected frames from a confocal time-lapse imaging session showing focally DiI-labeled neural crest cells leaving from
rhombomere 3 (r3) in a typical whole embryo explant. The adjacent unlabeled rhombomere 2 (r2) and rhombomere 4 (r4) are marked. In
A–D, the fluorescence data have been laid over the background image of the neural tube. DiI-labeled neural crest cells have been colored
in green. In E–H, the fluorescence data from frames [A–D] have been filtered with the “emboss” tool (Adobe Photoshop) to make it easier
to visually distinguish individual cell outlines. [A] A second type of cell behavior was noted of r3 neural crest cells which migrated lateral
to r3. A pair of cells in mid-r3 is marked (arrowhead) just lateral to the injection site in r3. [B] These two neural crest cells migrate laterally
as neighbors and [C] cross the lateral edge of the neural tube, then [D] change direction and move caudally toward other r3 neural crest cells
which are migrating on a rostrocaudal trajectory away from the neural tube. Time is in hours (h). The scale bar is 50 mm.
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adjoining rhombomeres suggest that there is not a one-to-
one correspondence between a rhombomere and a particu-
lar branchial arch. All rhombomeres produce neural crest
cells; some neural crest cells mix after emerging from the
dorsal midline and contribute to the branchial arch popu-
lations of adjoining rhombomeres. Cell mixing was not
pronounced within the r3–r5 region of the neural tube as
some neural crest cells from r3 and r5 migrated into BA2
either by crossing into r4 or by migrating directly out of
their rhombomere near the boundary with r4. A smaller
number of r3 cells migrate into BA1 and r5 cells appeared to
migrate caudally through r6 and into BA3. These data
support the focal labeling studies (Sechrist et al., 1993;
Birgbauer et al., 1995) which showed contributions of r3
and r5 neural crest cells to the branchial arches. Taken
together with the unpredictability of an individual cell’s
trajectory, the branchial arch into which a particular neural
crest cell migrates may occur only after a local sorting out
process. Although we observed many neural crest cells
actively extending and retracting cellular processes, such a
sorting out process may include some cell death, which
would be consistent with Graham et al. (1993).
Neural crest cells display both collective and individual
cell migration behaviors which vary from one branchial
arch to another, suggesting that there are many influences
on cell movement that vary according to axial level. Of the
neural crest cells migrating into BA1, cells at the advancing
front of the neural crest cells move at nearly the same
average speed but with a higher average directionality
(117%). The later-emerging cells tend to move in collective
chain-like cell arrangements toward BA1. Of the neural
crest cells migrating into BA2, cells at the front of the
stream move slower (24%) but with a much higher direc-
tionality (128%). This more directed cell movement may
be due to less cell–cell contact, less population pressure or
a clearer attraction signal near the front. Neural crest cells
from r5 and r6 migrate into BA3 by a variety of trajectories:
some migrate directly away from the neural tube in a
caudolateral direction, others remain in a local area, and yet
others migrate away only to reverse direction and move
back toward the neural tube. These cell migration charac-
teristics argue against the dispersal of cells due to over-
crowding (LeDouarin, 1982) or selective contact guidance
(Weiss, 1961). Cells in r7 display chain migration, as they
form linear arrays which stretch laterally away from the
neural tube to BA3, similar to those in BA1 and unlike cells
in BA2. There were regional differences in average neural
crest cell migration speeds (cells moving into BA2 moved
36% faster than cells into BA3 and were 24% faster than
cells into BA1), and cells migrating into BA1 moved with
the higher directionality. Thus, cell–cell communication
may play an important role in guiding neural crest cell
movement.
Focal labeling experiments clearly show that neural crest
cells from r3 and r5 migrate into the branchial arches by
moving from the dorsal midline of the neural tube along
rostro- and caudolateral cell trajectories, often just barely
crossing the adjacent rhombomere boundary before turning
to move in a lateral direction and exit the neural tube. The
cell trajectories within r3 and r5 tend to be at a diagonal
(rostro- or caudolateral) from the dorsal midline rather than
directly rostral or caudal to the adjacent rhombomere,
suggesting that r3 and r5 neural crest do not require contact
with r4 neural crest cells before exiting the neural tube.
Cells which move just beyond the lateral extent of the
neural tube adjacent to r3 or r5 either retract their filipodia
and remain stationary or change direction to move towards
other neural crest cells. Thus, it appears that the local
environment adjacent to r3 repels some cells and the area
adjacent to r4 attracts some cells. Visual tracking of indi-
vidual neural crest cells from r3 and r5 also reveals that
some cells are guided to move in the direction of a branchial
arch by following along the same direction as a cell or cells
downstream. Cells appear to change direction and follow in
a particular direction as a result of filipodial contacts with
a lead cell or cells, suggesting that local cell–cell contacts
influence the migration direction of neural crest.
Measurements of the trajectories of focally labeled cells
in r3 and r5 show that cells which migrate farthest away
from the neural tube have trajectories with a higher than
average directionality but a slower than average speed.
Cells with a lower than average directionality eventually
FIG. 12. Selected frames from a confocal time-lapse imaging session showing focally DiI-labeled neural crest cells from rhombomere 5 (r5)
migrating toward the third branchial arch (BA3, not shown but toward the lower left-hand corner of all frames) in a typical whole embryo
explant. [A] Neural crest cells emigrating toward BA3 (colored in blue) and an individual neural crest cell (magenta) rostral to this group
of cells is extending a filipod in the rostrolateral direction. [B] The magenta-colored cell extends a long filipod and contacts the medial side
of the blue-colored group of cells. [C] The magenta-colored cell retracts its filipodia and then [D] moves to follow in the direction of the
neural crest cells (blue) moving caudolaterally. Time is in hours (h) and minutes (m). The scale bar is 50 mm.
FIG. 13. Selected frames from a confocal time-lapse imaging session showing focally DiI-labeled neural crest cells from rhombomere 6 (r6,
not shown near the upper right-hand corner of all frames) migrating toward the third branchial arch (BA3, not shown but toward the lower
left-hand corner of all frames) in a typical whole embryo explant. [A] An individual neural crest cell is colored in magenta and is extending
filipodia. [B] The neural crest cell then divides; the daughter cell is colored in blue. [C] The blue-colored daughter cell migrates
caudolaterally toward the other neural crest migrating to BA3, while the magenta-colored cell remains in its position. [D] The
magenta-colored cell then moves in the same direction and makes contact with the blue-colored daughter cell. Time is in hours (h) and
minutes (m). The scale bar is 50 mm.
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migrate toward the branchial arches but only after changing
directions many times. Plots of individual cell speeds
versus time show that the speed of a cell often varies
dramatically from one time point to the next, rather than
steadily increasing or decreasing. Such movement is remi-
niscent of runs and tumbles seen in the trajectories of
bacteria during chemotaxis (Berg, 1975; Koshland, 1979). In
comparison to neural crest cells emigrating from r4, focally
labeled r3 and r5 neural crest cells migrate with a slightly
faster average speed (14%) and with a similar average
directionality. Future examinations of the cell trajectories,
the corresponding morphologies, and the features with
which the cells are interacting should offer insights into the
local cell–cell and cell–environment interactions that
guide neural crest migration. For example, the pauses might
represent collapse behaviors, suggesting a role for inhibitory
interactions such as those observed in culture for trunk
neural crest cells (Krull et al., 1997).
Cells migrating in chains tended to move faster (as much as
114%) and with a higher directionality (as high as 144%)
than individual cells. Chain structures appear to be very
dynamic: individual cells line up to form a chain which would
move in one direction but disassemble before the front of the
chain reached a final destination point in the branchial arch.
The rapid retraction of the chain once it was broken suggests
there may be some tension in the chain structure, much like
cutting a stretched rubber band. Why chains disassemble at a
given point or why they break near the neural tube are not
known, posing the question of how chain migration is di-
rected. Other evidence of chain migration of cells has been
shown in the neonatal and adult rodent brain, where neuronal
precursor cells migrate into the olfactory bulb by forming cell
aggregates resembling chains (Lois et al., 1996). It has been
demonstrated, in in vitro cultures of rodent brain tissue, that
these neuronal precursor cells migrate long distances at high
speeds by sliding along each other within the chain (Wichterle
et al., 1997). In comparison to our data, the rodent neuronal
precursor cells cultured in explant (Wichterle et al., 1997)
migrated about three times faster (;122 mm/h) and reached as
much as four times longer (up to 600 mm) than cells within
neural crest chains. This may reflect the more complex
environment presented by the embryonic tissue.
Our studies have shown that there are a wide variety of
individual and collective cell migration behaviors, includ-
ing the chain-like arrangements of cells, pointing to a
diverse set of guidance mechanisms for neural crest cells.
Cell trajectories have shown that a branchial arch may be
patterned by neural crest cells originating from several
different rhombomeres. Average cell migration rates and
directionality calculations reveal that there are differences
between early and later emerging cells and variations in
rates between cell populations from one branchial arch to
another. Therefore, further studies which attempt to study
the influences on neural crest cell migration have the
challenge of dissecting these multiple factors and identify-
ing how the regional differences are manifested.
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